Covalently closed circular deoxyribonucleic acid (DNA) molecules were isolated by cesium chloride centrifugation in the presence of ethidium bromide from a naturally occurring beta-hemolytic Escherichia coli strain (SC52). The open circular forms have contour lengths of 2.25 0.1 tm, 24.0 0.3 gm, and 29.5 0.5 um. The beta-hemolytic character of E. coli SC52 can be transferred by conjugation to a nonhemolytic recipient strain. Analysis of the supercoiled DNA of the hemolytic recipient demonstrated that the two large supercoiled DNA molecules of E. coli SC52 are transferred during this event, too. A beta-hemolytic laboratory E. coli strain and several of its derivatives have been shown to contain at least one circular DNA molecule, slightly larger in size than those isolated from E. coli SC52 and its conjugant. The possible significance of these DNA molecules for hemolysin production and transfer is discussed.
An increasing number of bacterial functions have been shown to be controlled by extrachromosomal genetic elements. Studies on colicinogeny (1, 9) and multiple drug resistance (6, 15) have clearly established that these characters are mediated by autonomously replicating deoxyribonucleic acid (DNA) molecules which are functionally and physically distinct from the bacterial chromosome. The extrachromosomal DNA studied to date could be isolated as supercoiled circular molecules with widely differing molecular weights. Whereas the transmissible episomes represent rather large DNA molecules [F and F' factors (8) , R factors (6), Col I, Col V (Helinski, personal communication)], the nontransmissible plasmids are normally considerably smaller in size [Col E1, E2, E, (1) , R-determinants (6) ]. In addition to colicinogeny and drug resistance, three other properties, namely, the ability to produce K88 antigen (19) , enterotoxin (17) , and alpha and beta hemolysins (18) , have been shown by genetic experiments to be governed in some strains of Escherichia coli by transmissible factors. These functions are commonly thought to be significant in the pathogenesis of disease caused by these strains (16) , yet we are aware of no information on the molecular nature of these transmissible factors. We have therefore investigated the DNA of a naturally isolated beta-hemolytic E. coli strain and several beta-hemolytic laboratory strains. In this report, the isolation and characterization of circular DNA molecules related to the production of beta hemolysin in E. coli are described. Media. Enriched nutrient broth (7) was used for growing overnight cultures. Mating was also performed in this medium. Phosphate-buffered minimal medium was previously described (10) .
MATERIALS
Growth and labeling conditions. A l-ml inoculum of the strain to be studied was added to 20 ml of phosphate-buffered minimal medium and grown to the log phase (cell density, 5 x 108 cells/ml). The medium was supplemented with 3H-thymine (5 MCi/ml) and deoxyadenosine (250 gg/ml) or with 3H-thymidine (5 to 10 MCi/ml).
Transfer of the HlyB factor. The donor strain SC52 and the recipient strain Hfr H (Col E1) azir were grown to log phase in enriched nutrient broth (ENB). Both strains were mated in a ratio of 1:10 on hard agar and incubated overnight at 37 C. A loopful of bacteria taken from these plates was suspended in ENB medium (10 ml) . Portions (0.1 ml) of several dilutions of this suspension were plated on hard agar containing 100 u.g of sodium azide per ml. The resulting colonies were tested for beta hemolysin production on ox blood-agar. the log phase; the culture was diluted 1:50 and further incubated for 2 hr at 30 C. A sample of this culture (I ml) was suspended in 10 ml of ENB medium containing 20, 30, 40, or 100 ug of acridine orange per ml.
Elimination conditions in the presence of ethidium bromide were as described by Bouanchaud et al. (2) .
Rifampin was used at a concentration of 0.01 yg/ml in ENB medium as previously described (I 1).
Elimination with sodium dodecyl sulfate (SDS) was performed essentially as described by Tomoeda et al. (20) . Final SDS concentration was 10%. Incubation times at 30 C were 24, 48, and 72 hr.
Test for hemolysin production. Single colonies were stabbed on blood-agar plates containing 6% defibrinated ox blood or sheep blood in ENB agar. Betahemolytic colonies formed clear zones around the resulting colony after incubation for 15 hr at 37 C.
Test for colicinogeny. Single colonies were tested for colicinogeny by stabbing them on the sensitive E. coli strain YS40 as described by Kahn and Helinski (12) .
Cell lysis and isolation of supercoiled DNA. Cell lysis of the beta-hemolytic E. coli strain was performed by the lysozyme-Brij 58 technique as described by Clewell and Helinski (5) with some minor modifications. The viscous lysates were clarified by centrifugation at 8,000
x g for 15 min at 4 C with the use of a G-50 K refrigerated centrifuge (WKF, Germany). The pellet which contains most of the chromosomal DNA was discarded. The cleared supernatant fluid was centrifuged in a cesium chloride-ethidium bromide gradient (14) . A mixture of 2.0 ml of cleared supernatant, 1. Dye-buoyant density centrifugation was carried out for 18 hr at 0 C and 44,000 rev/min in an L50 ultracentrifuge with a type 50 fixed-angle rotor.
For electron microscopy studies, DNA was extracted from a 1-liter culture by the phenol technique and further purified by centrifugation in a cesium chlorideethidium bromide gradient. Sucrose gradient centrifugation and counting of radioisotope. Sucrose gradient centrifugation was performed by using an SW50 rotor or an SW65 rotor and an L50 or L2-65B ultracentrifuge. Portions of DNA samples [0.2 ml in dilute SSC (0.015 M NaCI, 0.0015 M sodium citrate, pH 7.0)] were layered on 5 ml of 5 to 20% linear sucrose gradients containing 0.1 M NaCl, 0.001 M EDTA, and 0.01 M Tris (pH 8.0). Alkaline sucrose gradients were performed on 5 ml of 5 to 20% linear sucrose gradients containing 0.2 M NaOH, 0.001 M EDTA, and 0.7 M NaCl. The samples were centrifuged at 45,000 rev/min for the indicated times at 20 C. Ten-drop fractions were collected from the bottom of the tube either directly on filter papers or in small vials from which samples were spotted on small filter discs (I by I cm). The filter discs were treated with 10% trichloroacetic acid and then washed twice with alcohol and finally with ether. The dried filter papers were placed in scintillation vials containing 10 ml of a PPO-POPOP [2, 5-diphenyloxazole-1, 4-bis-2-(5-phenyloxazolyl)] scintillation liquid, and counted in an SL40 liquid scintillation counter (Intertechnique, France).
Electron microscopy. Grids for electron microscopy were prepared by the method of Kleinschmidt and Zahn (13) and were examined with a Siemens I electron microscope. Photographs of the circular DNA molecules were enlarged, and their contour lengths were measured.
RESULTS
Isolation and characterization of supercoiled DNA of the naturally occurring beta-hemolytic E. coli strain SC52. Cesium chloride density centrifugation in the presence of the dye ethidium bromide is the commonly used method to decide whether a DNA preparation contains supercoiled circular DNA molecules. The beta-hemolytic E. coli strain SC52 was therefore gently lysed by the lysozyme-Brij 58 procedure. The bulk of the chromosomal DNA of this lysate was removed by low-speed centrifugation to avoid the precipitation of large circular DNA molecules. The cleared lysate was immediately subjected to dyebuoyant density centrifugation. Fractionation of the resulting gradient yields the profile shown in Fig. 1 further analyze the supercoiled DNA of this strain, the pooled fractions of the more dense band were run through neutral and alkaline sucrose gradients. Figure 2 demonstrates that several DNA species sedimenting,at different velocities are present in the heavy band of the dyebuoyant density gradient. Above pH 12.5, the sedimentation coefficient of supercoiled DNA molecules increases considerably (21), whereas linear or open circular molecules are denatured and sediment more slowly. When the sucrose density gradient centrifugation of the isolated DNA was performed under alkaline conditions, two very fast-sedimenting peaks are observed, whereas the rest of the DNA sediments in one broad band at around 46S (Fig. 3) circular DNA molecules which remain unresolved under the conditions described. The DNA sedimenting under neutral conditions at 23S is also in a supercoiled conformation, since its sedimentation coefficient is increased to around 50S in alkaline gradient under our conditions. All sedimentation coefficients are related to the supercoiled form of Col E1 DNA (1), which always cosedimented as a marker.
Electron microscopy of the circular DNA molecules of E. coli SC52. To confirm the physical data of the DNA present in the heavy band of the dye-buoyant density gradient, electron micrographs were taken of phenol-extracted DNA samples from E. coli SC52. The supercoiled DNA was separated from the chromosomal material by centrifugation in cesium chloride gradients containing ethidium bromide. Circular DNA of three different contour lengths are observed in supercoiled and open circular conformation (Fig. 4) . The contour lengths of these molecules determined from enlarged pictures are shown in Table 1 . No molecules with intermediate sizes are observed. The molecular weights of the DNA molecules determined from the contour lengths agree quite well with those calculated from the sedimentation coefficients (Table  2) .
Test for drug resistance and colicinogeny. Since it is known from genetic data that hemolysin production is governed, at least in some E. coli strains, by a transmissible episome (17) , it was quite likely that one or more of the observed circular DNA molecules may represent the hemolytic factor. In addition, we tested E. coli SC52 for drug resistance and colicinogeny. E. coli SC52 was not resistant to any of the antibiotics tested (penicillin, chloramphenicol, streptomycin, sulfonamid, kanamycin, tetracycline), but it proved to be colicinogenic on the sensitive strain YS40. It was also colicinogenic on strain C600 (Col E1, V; Table 3 ). Elimination experiments. Several methods have been described (2, 11, 20) Table 2 .
Characterization of the supercoiled DNA of the beta-hemolytic recipient. The extrachromosomal DNA of the conjugant E. coli Hfr H (Col E1, Hly) was analyzed by dye-buoyant density cen- trifugation and sucrose density centrifugation as described. Whereas strain E. coli Hfr H (Col E1) does not contain any fast-sedimenting DNA molecules but only the supercoiled Col E1 DNA, the beta-hemolytic E. coli Hfr H (Col E1, Hly) possesses, in addition to the Col E1 DNA, the two large DNA molecules already observed in the donor strain E. coli SC52 (Fig. 5) . Since the amount of DNA sedimenting at 23S does not increase in E. coli Hfr H (Col E1, Hly) as compared to that of E. coli Hfr H (Col E1), it is unlikely that the small supercoiled DNA form of E. coli SC52 is also transferred during conjugation. Characterization of the extrachromosomal DNA of beta-hemolytic E. coli Hfr CR34 dna43 and its conjugants. While testing our laboratory strains for their possible ability for hemolysin production, we found that the temperature-sensitive mutant deficient in DNA replication, E. coli Hfr CR34 dna43, was able to form clear zones when plated on ox blood-agar, which is characteristic for beta-hemolysin production. In addition, we observed that a derivative of E. coli Hfr CR34 dna43, namely the rec-strain MRW44 which has received the temperaturesensitive replication marker by conjugation from E. coli Hfr CR34 dna43 (3), is also beta-hemolytic. It is quite possible that the hemolytic factor is transferred to the latter strain during conjugation. As shown in Fig. 6A Fig. 2 were used. Centrifugation was performed for 60 min at 45,000 rev/min in a Spinco SW50 rotor at 20 C by using a Beckman L50 centrifuge. Fractionation was carried out as described in Fig. 2 then represent the dissociated transfer factor of the hemolytic factor or another transfer factor not linked to a determinant or at least not to a C determinant one can identify. Upon transferring a transmissible factor like the hemolytic factor, another transfer factor which is also present in the donor cell has a good chance of going over as well. The colicinogenic character of this E. coli strain is not transferred together with the hemolytic property to the recipient strain. This suggests that the gene for colicin production is not he beta-he-The small supercoiled DNA molecule isolated 7d its beta-from E. coli SC52 could account for this charadients, as acter. It is interesting to notice that the extrachro-SW65 rotor mosomal DNA molecules encoding the proFractiona-duction of colicin El, E2, and E8 have similar A, E. coli molecular weights (1) . These latter extrachromolytic E. coli somal elements are also nontransmissible plasfly) (0). mids (12) . The extrachromosomal DNA isolated from the )e slightly beta-hemolytic E. coil Hfr CR34 dna43 and its in the nat-derivatives is reproducibly slightly larger than the largest DNA molecule isolated from the lfr CR34 beta-hemolytic E. coil strain SC52. This could coli 110O, mean that the beta-hemolytic determinant is *hemolytic linked to another transfer factor or that other the large determinants which cannot be identified are the non-linked to the same transfer factor in addition to ,how a de-the beta-hemolytic determinant.
rig. 6C).
When the beta-hemolytic E. coil Hfr CR34 dna43 is mated with a nonhemolytic recipient, the transmission of the beta-hemolytic character is associated with the transfer of a single superilar super-coiled DNA molecule similiar in size to the I beta-he-largest DNA form in E. coil SC52. Considering that hemolysin production in E. coli has been shown in several cases to be governed by an extrachromosomal element (18) , it is not unlikely that this large supercoiled DNA molecule represents the hemolytic factor of this strain.
